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Diamond shows two unique quantum phenomenon by doping two different impurities: 
Superconductivity (boron) and controllable spin triplet state called nitrogen-vacancy (NV) center (nitrogen). 
Both phenomenon can be applied to various quantum applications such as ultra-sensitive magnetometer, 
quantum bit and quantum memory. Moreover, hybrid quantum system composed of superconducting circuit 
and NV center was reported recently. Though research of both phenomenon brisked up during this decade, 
numerous unknown research field still remains in basic research area. Thus, the main objective of this thesis 
is to investigate and improve fundamental properties of superconducting boron-doped diamond films and 
shallow NV center toward realizing hybrid quantum system based on diamond. We achieved the highest 
superconducting transition temperature (TC) of diamond with high quality crystallinity and demonstrated the 
first single crystalline diamond SQUID operation. And we established the formation process of nitrogen 
termination surface with low damage, and demonstrated the first 1H-nuclear NMR detection using shallow 
single NV center under nitrogen-terminated surface. 
This thesis consists of seven chapters. Our motivation and overview of this thesis are described in 
Chapter 1. Chapter 2-4 discuss the research of superconductivity in diamond. We investigated the fundamental 
properties of superconducting boron-doped diamond in Chapter 2, established the fine patterning process in 
Chapter 3, and demonstrated the first operation of single crystalline diamond superconducting interference 
device (SQUID) in Chapter 4. Chapter 5 and 6 are concerning the research of shallow NV center under 
nitrogen-terminated surface. We analyzed nitrogen-terminated surface using two X-ray techniques in Chapter 
5, and investigated the effect of the nitrogen-terminated surface on the charge stability of a shallow NV− center 
in Chapter 6. Chapter 7 summarizes this thesis and mentions future perspectives. The following are the 
overview of each chapter. 
Chapter 1. Introduction 
This chapter mentions our motivation for this research and overviews the background and current 
problems of superconductivity and NV centers in diamond.  
Diamond itself is insulating, however, boron-doped diamond shows p-type conductivity, it also shows 
superconductivity when the doped boron concentration was above 3×1020cm-3. Previous reports revealed that 
TC of diamond increases with increasing boron concentration and the TC of (111) film is higher than that of 
(100) or (110) films. Superconducting diamond has good tolerance to oxidation, heating and physical injury. 
Therefore, it is excellent candidate material for fabricating high-performance superconducting devices. 
However, many challenging problems still remains for fabricating superconducting devices. We pointed out 
that we need to establish synthesis method, fine patterning process and fabrication process of superconducting 
circuits, especially Josephson junction and SQUID. 
Negatively charged nitrogen-vacancy (NV−) centers in diamond possess many remarkable properties, 
such as long spin coherent times (T2≧1.8 ms) even at room temperature and a triplet spin state (S=1), which 
can be initialized and read out by optical control. Owing to these properties, the NV− center is proposed to be 
a promising candidate as a quantum sensor, single photon source, and single nuclear spin detector. For these 
applications, a shallow NV− center within a few nanometers from the diamond surface is desirable because 
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the dipole magnetic field scales as 1/r3, where r is the distance from the NV– center to the target. However, the 
charge state of a shallow NV− center is unstable and is easily converted to a neutral charge state (NV0) since 
the NV–/NV0 transition level is located in the midgap of diamond (2.9 eV from the valence band edge). 
Therefore, an appropriate surface termination is especially significant for the charge stability of shallow NV– 
centers. We claim that nitrogen termination is excellent candidate for NV– center, at the same time, points out 
the problems concerning formation method and structural analysis of nitrogen termination. 
Chapter 2. Growth and Physical Properties of Superconducting Boron-doped Diamond Films 
Growth method and physical properties of superconducting boron-doped diamond films are 
mentioned in this chapter. The reproducible growth method of single crystalline (111) superconducting 
boron-doped diamond film with TC =10K was established using custom-built pulse-microwave plasma 
enhanced chemical vapor deposition (MPCVD) system. This system can generate millisecond-order pulse 
and high density plasma of ~50W/cm3. These features realize high efficient boron-doping of [Bdia]/[Bgas]= 
400% and the high boron concentration of 1×1022cm-3. Boron-doped diamond synthesized by the above 
growth condition showed TC =10K and HC2 above 10T, which are the highest values ever reported. The 
lattice structure of superconducting diamond was evaluated by reciprocal space mapping (RSM) and cross 
sectional transmission electron microscopy (TEM). We revealed that the lattice of (111) film expand 
perpendicular direction in the early stage of the growth, above critical thickness, the strain relaxation occurs 
and many defects including stacking faults and twins are observed in relaxation layer. We also investigated 
the relation between lattice strain ratio and critical thickness using several classical theory, the critical 
thickness of (111) film with 0.6% expansion was estimated to be 200-300nm. The anisotropic 
superconductivity was observed in thin (below 500nm) film and the anisotropic parameter was increased 
with thinning. This chapter’s work determined that 100-200nm thickness is suitable for fabricating high 
performance superconducting devices. 
Chapter 3. Fine Patterning of Superconducting Diamond Films 
Nano- and micro-size patterning processes for high quality single crystalline superconducting 
boron-doped diamond films with low damage using selective MPCVD growth and selective oxygen plasma 
etching were demonstrated in this chapter. The offset critical temperature (TC (offset)) of the micro strip is 
10.2 K even if the strip width is 1 μm. However, the critical temperature at zero resistivity (TC (zero)) of 
several narrow strips is decreased owing to the unexpected defects induced by polishing damage and natural 
nanoscale scratch injury. These defects will induce a two-step superconducting transition. The probability of 
this tendency increases with decreasing the strip width. This thesis also revealed that the critical current 
density (JC) increases with decreasing strip width, especially below 30 μm. By using a transport 
measurement, the maximum JC is estimated to be 917,000 A/cm2 at 2.0 K with a strip width of 2 μm, which 
is the highest value ever reported in diamond. 
Chapter 4. Single Crystalline Boron-doped Diamond SQUIDs 
The fabrication process of single crystalline boron-doped diamond Josephson junction with 
regrowth-induced step edge structure was established and the first single crystalline diamond SQUID 
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operation was demonstrated in this chapter. We revealed that the step angle is a singinicant parameter for 
forming Josephson junction and demonstrated that the step angle can be controlled by MPCVD condition of 
regrowth layer. Step edge structure with step angle of 85°, 80°, 50°, 20° were fabricated and only 50° 
became Josephson junction. The fabricated junction showed superconductor-weak superconductor-
superconductor (S-S’-S) type behavior without hysteresis and high critical current density of 5800 A/cm2. 
The flux-voltage characteristics confirmed the operation of diamond SQUID. This work will contributes to 
the future development of new robust diamond SQUID system responding to the diversity of measurement 
targets and environments. 
Chapter 5. Structural Analysis of Nitrogen-terminated Surfaces 
Formation process of nitrogen terminated surface was established and the structure of the surface 
was evaluated using X-ray technique in this chapter. Nitrogen termination was formed by custom-built radio 
frequency plasma enhanced nitrogen radical remoted exposure system. X-ray photoelectron spectroscopy 
(XPS) revealed that the nitrogen coverage of (001) surface was about 0.9ML whereas the surface was not 
damaged by the radical exposure. Near edge X-ray absorption fine structure (NEXAFS) measurement 
revealed that “full N”, “N/H”, “-NH2” structure was mixed in the nitrogen terminated surface. 
Chapter 6. Charge Stability of NV Centers and 1H-NMR Spectroscopy under Nitrogen-terminated 
Surfaces 
The effect of nitrogen termination on the charge stability of shallow NV- center was evaluated using 
photoluminescence (PL) intensity mapping and optically-detected magnetic resonance (ODMR) 
measurements in this chapter. Shallow single NV center was created by low-energy 15N-ion implantation and 
subsequent thermal annealing under optimized conditions (1000 °C for 2 h). The depth of the created NV 
center was calculated to be few nano-meter by Monte Carlo simulation. PL mapping shows the nitridation 
process didn’t damage the surface, each NV center can be observed as well as conventional oxygen termination. 
We proposed the charge stability evaluation method using Rabi contrast of NV center, and revealed that charge 
stability of NV– center under nitrogen-terminated surface was more stable than that of under conventional 
oxygen-terminated surface. Using the stable charged surface, we demonstrated the first 1H-NMR measurement 
using shallow NV center and determined the precise depth of NV center from diamond surface. This chapter’s 
work will contribute to the future development of high sensitive nanoscale NMR systems using NV centers. 
Chapter 7. Conclusion 
A summary of this thesis and future perspectives are stated in this chapter. We improved 
superconductivity in heavily boron-doped diamond and the charge stability of NV– center, then demonstrated 
the first single crystalline diamond SQUID and 1H-NMR measurement using shallow single NV center under 
nitrogen-terminated surface. We claim that this work will contributes to the future development of new hybrid 
quantum system composed of superconducting diamond circuit and shallow NV centers.
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